A component from Emilia sonchifolia (L.) DC, Á-humulene, was investigated. Significantly decreased cell viability of human colorectal cancer HT29 cells in a dosedependent manner with IC 50 53.67±2.99 μM for 24-h treatment was found. Á-Humulene induced apoptotic cell death and apoptosis was confirmed by morphological assessment. The staining with propidium iodide (PI) and flow cytometric analysis also showed that Á-humulene significantly promoted the sub-G1 phase (an apoptotic population) in HT29 cells. Colorimetric assays indicated that pretreatment with a specific inhibitor of caspase-8 (Z-IETD-FMK) significantly reduced activities of caspase-8 and caspase-3 in examined HT29 cells. Á-Humulene stimulated the death receptor 5 (DR5), DR4, Fas-associated protein with death domain (FADD), the cleavage of caspase-8 and cleavage caspase-3, but reduced the protein levels of cellular Fasassociated death-domain-like IL-1ß-converting enzyme inhibitory protein (c-FLIP) by Western blot analysis. Consequently, Á-humulene-triggered cell death was significantly attenuated by DR5 siRNA and the caspase-8 inhibitor. Based on our results, we suggest that Á-humulene induced apoptotic cell death in HT29 cells through a DR5-mediated caspase-8 and -3-dependent signaling pathway.
Introduction
Colorectal cancer is a major cause of deaths in the world, and it is the third leading cause of cancer death in Taiwan. About 19.6 per 100,000 people die per year of colorectal cancer, according to the reports of the Department of Health, R.O.C. (Taiwan) in 2009 (http://www.doh.gov.tw/EN2006/ index_EN.aspx). Fluorouracil (5-FU), oxaliplatin (FOLFOX), and irinotecan (CPT-11) are applied as chemotherapeutic agents in first-line therapy for colorectal cancer, but the side effects limit its clinical usefulness (1) (2) (3) . Therefore, discovery of a new agent for anti-colorectal cancer from novel compounds dietary natural products and traditional Chinese medicine (TCM) provide a useful application and chemotherapeutic effectiveness on colorectal cancer (4, 5) .
Two main pathways are involved in the apoptosis process, either the intrinsic mitochondria-mediated pathway or the extrinsic death receptor pathway (3) . The tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) binds to its receptors such as death receptor 4 (DR4; TRAIL-R1) and DR5 (TRAIL-R2) to activate the extrinsic death receptor pathway (6, 7) . Interaction of TRAIL with DR4 and DR5 leads to formation of homo/hetero-complexes for recruitment and then activation of Fas-associated death domain (FADD), and activation of initiator caspases-8 and effector caspase-3 that is finally responsible for apoptosis (8, 9) . The extrinsic apoptotic pathway is negatively regulated mainly by the cellular FLICE-inhibitory protein (c-FLIP). c-FLIP recruited to FADD in death-inducing signaling complex then prevents the activation of procaspase-8 (10) .
Emilia sonchifolia (L.) DC (Compositae) is a folklore medicinal plant in India and China (11) . It is also used against inflammation, rheumatism, cough, cuts and wounds (11) (12) (13) . In a previous study, the methanolic extract of Emilia sonchifolia (L.) DC (Compositae) inhibited Dalton's lymphoma (DL), Ehrlich ascites carcinoma (EAC) and mouse lung fibroblast (L-929) cells. However, it is not toxic to normal human lymphocytes in vitro. In vivo study also showed that oral administration of the extract (100 mg/kg, body weight) to mice reduced the development of both solid tumors and increased the life span of tumor-bearing mice (11) . Furthermore, our preliminary result demonstrated that Á-humulene (Fig. 1A) is one of the components in Emilia sonchifolia (L.) DC (Compositae) by GC/Mass analysis. However, there is no report addressing the possible anti-colorectal cancer effects of Á-humulene. In this study, we investigated the mechanism of apoptosis induction by Á-humulene in HT29 cells. Based on our results, we suggest that Á-humulene induces apoptosis in human colorectal cancer HT29 cells via a DR5-mediated apoptotic pathway. Cell culture. Human colorectal cancer HT29 cell line was purchased from the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cells were plated onto 75-cm 2 tissue culture flasks in RPMI-1640 medium supplemented with 10% FBS, 100 Units/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine and grown at 37˚C under a humidified 5% CO 2 and 95% air at one atmosphere (14) .
Materials and methods

Chemicals and reagents. Á-
Cell morphological examination. About 2x10
5 cells/well of HT29 cells onto 12-well plate were treated with 0, 25, 50, 75 and 100 μM of Á-humulene and then were incubated for 24 h. Cells were directly examined and photographed under a contrast-phase microscope (14) .
Determination of cell viability by MTT assay. Approximately 2x10
4 cells/well of HT29 cells onto 96-well plates were exposed to 0, 25, 50, 75 and 100 μM of Á-humulene, and DMSO, 0.1% in media served as a vehicle control. After a 24-h incubation, 100 μl of MTT (5 μg/ml) solution was added to each well, and the plate was incubated at 37˚C for 4 h. One hundred microliters of 0.04 N HCl in isopropanol was added and the absorbance at 570 nm was measured for each well. The cell survival ratio was expressed as % of control. All results are from three independent experiments (15).
Apoptotic cells analysis by flow cytometry. HT29 cells were seeded onto 12-well cell culture plates at 2x10 5 cells/well and then incubated with 50 μM of Á-humulene for 24 h. The cells were harvested and washed by centrifugation. For apoptosis determination, cells were fixed by 70% ethanol in -20˚C overnight and then re-suspended in PBS containing 40 μg/ml PI, 100 μg/ml RNase A and 0.1% Triton X-100 in dark room for 30 min. The apoptotic nuclei were determined by flow cytometry (FACSCalibur™, Becton-Dickinson, Franklin Lakes, NJ, USA). All results were performed from three independent experiments (16).
Assays for caspase-8 and -3 activities.
Approximately 1x10 6 cells of HT29 cells onto 75-T flask were pretreated with or without the selective Z-IETD-FMK (a caspase-8 inhibitor) and then were treated with 50 μM of Á-humulene then incubated for 24 h to determine activities of caspase-8 and -3 which were assessed according to the manufacturer's instructions (Caspase colorimetric kit, R&D System Inc., Minneapolis, MN, USA). Briefly, cells were harvested and lysed in 50 μl lysis buffer containing 2 mM DTT for 10 min. After centrifugation, the supernatants containing 100 μg proteins were incubated with caspase-8 and caspase-3 substrate in reaction buffer. Samples were incubated in a 96-well flat bottom microplate at 37˚C for 1 h. Levels of released pNA (Z-DEVE-pNA and Z-IETD-pNA for caspase-3 and -8, respectively) were measured with an ELISA reader (Anthos Labtec Instruments, Salzburg, Austria) at OD405 nm. All results are from three independent experiments (17) .
RNA interference transfection. HT29 cells were grown to 70% confluence in 6-well culture dishes, and LO GC Duplex Stealth RNAi Negative Control (100 nM) or DR5 siRNA (100 nM) was transfected using Lipofectamine 2000 according to the manufacturer's instructions (Invitrogen, Carlsbad, CA, USA). After transfection, cells were seeded, exposed to 50 μM of Á-humulene for 24 h and then analyzed using Western blot analysis and MTT assay (18, 19) .
Western blot analysis. HT29 cells (2.5x10
7 ) in 75-T flask, were treated with 50 μM of Á-humulene for 0, 3, 6 and 12 h. The cells were harvested and washed with cold 1X PBS. The total proteins were collected and measured as previously described (19) . The protein concentration was measured by using a BCA assay kit (Pierce Biotechnology Inc., Rockford, IL, USA). Equal amounts of cell lysate were run on 10-12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and electrotransferred to a nitrocellulose membrane by using iBot TM Dry Blotting System (Invitrogen). The blot was soaked in blocking buffer (5% non-fat dry milk/0.05% Tween-20 in 20 mM TBS at pH 7.6) at room temperature for 1 h and then were incubated with anti-Fas, FasL, DR4, DR5, FADD, cFLIP, caspase-8, caspase-3 and GAPDH antibodies in blocking buffer at 4˚C overnight. Membranes were washed three times with Tris-buffered saline/Tween-20 for 10 min and incubated with secondary horseradish peroxidase (HRP)-conjugated antibody. The blots were developed using a chemiluminescence (ECL) detection kit (Millipore, Billerica, MA, USA) followed by development on Kodak Bio-MAX MR film (Eastman Kodak, Rochester, NY, USA). All results are from three independent experiments (19, 20) . The relative image abundance of each band was quantified using NIH Image/ImageJ (version 1.43) for Windows (21) .
Statistical analysis. Student's t-test was used to analyze the differences between the Á-humulene-treated and control groups. The data were expressed as mean ± SD from at least three independent experiments. *** p<0.001 was indicative of significant difference.
Results
Á-Humulene reduces cell viability and induces growth inhibition in HT29 cells.
We investigated the growth inhibition effect of Á-humulene on HT29 cells. In order to determine these effects on cell viability, HT29 cells were treated with different concentrations (0, 25, 50, 75 and 100 μM) of Á-humulene, and cell number was counted daily. The results are presented in Fig. 1B and revealed that Á-humulene decreased cell viability of HT29 cells in a dose-dependent manner. The IC 50 of Á-humulene was 53.67±2.99 μM after 24-h treatment.
Á-Humulene triggers apoptotic cell death in HT29 cells. Á-Humulene-reduced cell viability due to cell apoptosis. Fig. 2A shows apoptotic morphological changes, including cell rounding and shrinkage after 24-h incubation with 25, 50, 75 and 100 μM of Á-humulene. HT29 cells were cultured for 24 h in the absence or presence of Á-humulene (25, 50, 75 and 100 μM) and sub-G1 group (apoptotic population), which were analyzed by flow cytometry. The result is presented in Fig. 2B , indicating that Á-humulene increased % of cells in sub-G1 group (apoptosis) of HT29 cells in a dosedependent manner.
Á-Humulene activates caspase-8 and caspase-3 in HT29 cells.
To investigate the mechanism of Á-humulene-induced apoptosis, we investigated the activities of caspase-8 and -3, respectively, in Á-humulene-treated HT29 cells. As shown in Fig. 3 , Á-humulene caused an increase of caspase-8 ( Fig. 3A) and caspase-3 ( Fig. 3B ) activity after 24-h treatment. However, the activity of caspase-9 was not significant (data not shown). Á-Humulene-induced caspase-8 and caspase-3 activations were also significantly attenuated by a caspase-8 specific inhibitor Z-IETD-FMK (Fig. 3A and B) . Pre-incubation with Z-IETD-FMK significantly protected Á-humuleneinduced cell death and growth inhibition (Fig. 3C) . Based on our results, we suggest that the caspase-8 and caspase-3 activation might be involved in Á-humulene-induced apoptotic cell death in HT29 cells.
Á-Humulene stimulates the levels of DR5 in HT29 cells.
To determine the death receptor apoptotic signaling pathway of the Á-humulene-induced activation of caspase-8, the protein levels of Fas, FasL, DR4 and DR5 were determined by using Figure 2 . Á-Humulene effects on morphological changes and apoptosis. HT29 cells were cultured and exposed to 0, 25, 50, 75 and 100 μM of Á-humulene for 24 h. The cell morphological changes were examined and photographed under phase-contrast microscopy (x200) as described in Materials and methods (A). HT29 cells were cultured with 0, 25, 50, 75 and 100 μM of Á-humulene for 24 h and apoptosis was detected by flow cytometric analysis of PI staining. THe percent apoptosis measured in sub-G1 population (B). There was a significant difference ( *** p<0.001) when compared with the control group by Student's t-test analysis.
Western blot analysis. As shown in Fig. 4A , the levels of DR4 and DR5 rather than Fas and FasL were significantly increased after Á-humulene treatment. Importantly, Á-humulene promoted the protein level of DR5 after exposure to Á-humulene for 3 h, and the levels contributed to apoptosis in HT29 cells. To further evaluate whether or not DR5 has a major role in Á-humulene-induced apoptotic cell death in HT29 cells, we then used DR5 siRNA to block Á-humulene-induced DR5-mediated cell death. As seen in Fig. 4B, DR5 siRNA is able to protect Á-humulene-tiggered cell death in HT29 cells. Thus, these results suggest that Á-humulene induced apoptosis in HT29 cells through DR5-regulated death receptor signaling pathways.
Á-Humulene alters signals associated with extrinsic death receptor apoptotic proteins.
To study the mechanisms of Á-humulene-induced apoptotic cell death through deathreceptor signaling pathway, we investigated the protein expression levels of FADD, cFLIP, caspase-8 and caspase-3 proteins by Western blot analysis. As shown in Fig. 5 , Á-humulene increased the levels of FADD, the cleavage of caspase-8 and caspase-3 and decreased the levels of c-FLIP. Our results suggest that Á-humulene-induced apoptosis is through a death receptor-mediated signaling pathway.
Discussion
The death receptor extrinsic apoptotic pathway has been proposed as a therapeutic target in human colorectal cancer (22, 23) . New compounds, dietary natural products or traditional Chinese medicine (TCM) that could activate death receptor extrinsic apoptotic pathway should have therapeutic potential in human colorectal cancer treatment (24, 25) . Á-Humulene is one of the common components in Emilia sonchifolia (L.) DC (Compositae) by GC/Mass analysis in our preliminary study. In this study, we first demonstrated that Á-humulene reduced cell growth in HT29 cells through induction of cell apoptosis. We also provided strong evidence that Á-humulene induced apoptosis in HT29 cells through the death receptor extrinsic apoptotic pathway. We showed in the present study that Á-humulene: i) decreased the percentage of viable cells; ii) induced apoptotic morphological changes; iii) up-regulated the protein levels of FADD, caspase-8 and caspase-9 and activates caspase-8, and -3 through DR5-mediated death receptor apoptotic pathway.
The transcriptional regulation of DR5 is complex and the multiple transcription factor binding sites of CHOP (CCAAT/ enhancer-binding protein-homologous protein), p53 and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), are present in the DR5 upstream region (26, 27) . Recently, it was also reported that p53 is a key regulator activating the extrinsic pathway through the induction of genes encoding transmembrane proteins such as DR4 and DR5 (18) . In this study, our results demonstrated that the Á-humulene significantly increased the protein level of DR5 (Fig. 4A ) in HT29 cells. In addition, knockdown of DR5 expression by DR5 siRNA significantly inhibited the cell growth-inhibitory effects after treatment with Á-humulene in HT29 cells (Fig. 4B) . According to our results, we suggest that p53 might be involved in Á-humulene up-regulated DR5-mediated extrinsic apoptotic signaling pathways.
Cysteine-aspartic proteases (caspases) play an important role in apoptosis. Two major signaling pathways are activated caspase-8 and increased apoptotic signals: i) directly cleaving and activating downstream caspase-3 or caspase-7; ii) stimulating the intrinsic mitochondrial pathway by processing Bid (28) . Bid is a member of the Bcl-2 family bridging the apoptotic interaction between the membrane death receptors and the mitochondria. The truncated tBid protein can then disrupt mitochondrial membrane potential leading to the release of cytochrome c, Apaf-1, pro-caspase-9, AIF and Endo G into the cytosol activating the caspase-9 and-3 (29) . Our results demonstrated the Á-humulene significantly promoted activities of caspase-8 ( Fig. 3A) and caspase-3 ( Fig. 3B ) in 24-h treatment, but there was no significant effect on caspase-9 activity (data not shown) in HT29 cells. In addition, Á-humulene induced activations of caspase-8 and caspase-3 in examined cells and the growth inhibition was significantly attenuated by a specific caspase-8 inhibitor (Fig.  3A and B) . Our results suggest that DR5 death receptormediated pathway is the major pathway of Á-humuleneinduced apoptosis in HT29 cells.
The proposed model of Á-humulene-induced death receptor 5-mediated TNFR family apoptotic pathways in human colorectal cancer HT29 cells is shown in Fig. 6 . In conclusion, our results suggest that Á-humulene has anticancer activity by stimulating the clustering of DR4/DR5 and associated FADD protein levels, lead to caspase-8 and caspase-3 activation, and then induction of apoptosis in HT29 cells. Therefore, our study is likely to provide the basis for further anti-colorectal cancer development of Á-humulene. 
